Abstract: AC-DC LED drivers may have a lifespan shorter than the lifespan of LED chips if electrolytic capacitors are used in their construction. Using film capacitors solves this problem but, as their capacitance is considerably lower, the low-frequency ripple will increase. Solving this problem by limiting the output ripple to safe values is possible by distorting the input current using harmonic injection technique, as long as these harmonics still complies with Power Factor Regulations (Energy Star). This harmonic injection alleviates the requirements imposed to the output capacitor in order to limit the low-frequency ripple in the output. This idea is based on the fact that LEDs can be driven by pulsating current with a limited Peak-To-Average Ratio (PTAR) without affecting their performance. By considering the accurate model of LEDs, instead of the typical equivalent resistance, this paper presents an improved and more reliable calculation of the intended harmonic injection. Wherein, its orders and values can be determined for each input/output voltage to obtain the specified PTAR and Power Factor (PF). Also, this harmonic injection can be simply implemented using a single feedback loop, its control circuit has features of wide bandwidth, simple, single-loop and lower cost. A 21W AC-DC buck converter is built to validate the proposed circuit and the derived mathematical model and it complies with IEC61000 3-2 class D standard.
Introduction
LED technology has several merits over conventional lamps such as: high-efficiency, very long lifespan (approximately 100,000 h [1] ), lower power consumption, low maintenance cost and instantaneous switch-on [2, 3] . Besides, the LEDs are environmentally friendly. Regarding their efficiency, CREE claimed to be the first company to break the 300 lumens per watt barriers (still being the highest level achieved) [4] . Moreover, lighting consumes 20% of the electrical energy in the industrial countries pushing forward the replacement of conventional lighting with LED lighting.
The critical part that defines the LED lamp lifespan is the driver. One-stage AC-DC LED drivers normally use a bulky electrolytic capacitor to balance power between the pulsating input and the constant output, minimizing the double line frequency current ripple [5] . This capacitor limits the lifespan of the LED lamp to its own lifespan, typically between 1000 and 10,000 h, considerably lower than the lifespan of LEDs [6] . In addition, the lifespan of the E-Caps follows the 10-degree-law that states that it decreases by a factor of 2 for each +10 • C temperature increase. Even assuming this, operation at 85 • C only pushes its lifespan to 20,000 h. Consequently, eliminating the E-Cap is mandatory and many research efforts have been made in this direction.
Wound and soft winding film capacitors can be used instead of E-Caps due to their long lifespan [7] . However, their energy density is low and that increases the output voltage and the output current ripple of the LED driver. This causes a depraved effect on the LED chip. The light perceived by humans' eyes is proportional to its average value because the light ripple is filtered as long as its frequency is higher than a few hundreds of hertz. Nonetheless, increasing LED peak current (as a consequence of the ripple) results in a change in the chromaticity coordinates, color correlated temperature (CCT), color rendering index (CRI), flux and efficacy degradation, so LED light is perceived as bluish-white [8, 9] .
Several studies proposed different topologies and control circuits to enable using low-density capacitors with limited LED peak current under a defined ratio called PTAR. The most effective way is harmonic injection technique. The idea is to inject predefined harmonics into the input current to limit the PTAR of the output LED current while observing PF regulations. Figure 1a -c shows different harmonics combinations for the LED current [10, 11] with the result of a lower PTAR if those harmonics are wisely selected. First, Figure 1a shows the double line frequency output current in dashed line and the third harmonic order in dashed-dot line. The combination result is shown as a solid line and, as can be seen, its PTAR is lower than in the case of the first harmonic. Second, Figure 1b shows the double line frequency output current combined with the fifth harmonics. In this case, the resulting PTAR is higher than in the case of the first harmonic alone. Finally, Figure 1c shows the double line frequency output current combined with the third harmonics and the fifth harmonics. In this case, the PTAR is the lowest of the three cases. As more harmonic orders are injected, the combination has lower PTAR. However, it is very important to define the amplitudes that lead to the lowest PTAR while keeping the input PF within the regulation limits.
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More harmonics are injected in the input current in [10, 11] . The developed circuit is a single stage AC-DC Flyback converter. It has only a 0.47-µF film capacitor in its output. However, the model analysis introduced in [10] was based only on a resistive load model without considering the accurate LED chip model. As a consequence, the theoretical analysis and the experimental results were not well matched. Practical results show a PTAR of 1.43 for the output LED current instead of the designed one of only 1.34. Also, the presented controller included a feedforward loop with a multiplier and a divider that increase the complexity and the cost. In [13] , limiting the PTAR of the LED current is achieved by using two loops, feedback and feedforward. Results recorded a PTAR of less than 1.34 by injecting more harmonics orders. Again, the LED model consists of the equivalent resistor, which results in inaccuracy. In [14, 15] a feedforward circuit was proposed to generate a distorted sinusoidal reference signal that contains the required injected harmonics to limit the PTAR. The implemented circuit included one microcontroller in the current loop with two voltage sensors and one current sensor in addition to the multiplier circuit. It uses a look-up table with a normalized value to generate the reference signal for the duty cycle. Moreover, injecting only the third harmonic resulted in a higher PTAR compared to the previous approaches. Similar results can be found in [16] , wherein a feedforward loop for harmonic injection in addition to PLL, multiplier and divider circuits are used. A similar strategy was proposed in [17] , which reduces the electrolytic output capacitor to almost 24.2% by using an Active Ripple Compensation (ARC). In [18] the same methodology was used to reduce the electrolytic capacitance by 46.3% by using a different ARC technique.
Harmonics injection is not only method to eliminate the E-cap. Ripple cancelation method can be also used to maintain the same purpose. This technique is based on adding a bidirectional converter connected in parallel or series to the output capacitor in order to cancel the double line frequency of the current ripple produced from decreasing the output capacitance as shown in Figure 2 [19] . By controlling the bidirectional converter to absorb the double line harmonics, the output inductor L o and output capacitor C o are used only to filter the high frequency harmonics in the output current [20, 21] . Consequently, E-cap is eliminated and can be replaced with small capacitance. [16] , wherein a feedforward loop for harmonic injection in addition to PLL, multiplier and divider circuits are used. A similar strategy was proposed in [17] , which reduces the electrolytic output capacitor to almost 24.2% by using an Active Ripple Compensation (ARC). In [18] the same methodology was used to reduce the electrolytic capacitance by 46.3% by using a different ARC technique. Harmonics injection is not only method to eliminate the E-cap. Ripple cancelation method can be also used to maintain the same purpose. This technique is based on adding a bidirectional converter connected in parallel or series to the output capacitor in order to cancel the double line frequency of the current ripple produced from decreasing the output capacitance as shown in Figure 2 [19] . By controlling the bidirectional converter to absorb the double line harmonics, the output inductor and output capacitor are used only to filter the high frequency harmonics in the output current [20, 21] . Consequently, E-cap is eliminated and can be replaced with small capacitance. Thus, many of these methods are using double stage with more than two semiconductors switches. Cost-wise is still not considered in this technique by using many components counts and using complex control circuits as well.
In [22] , a boost converter was used as a pre-regulator to act as a PFC and it was cascaded with LLC resonant converter. Wherein, the frequency modulation technique is used in the control circuit. The behavior of the control circuit acts to vary the frequency when the line voltage changes. It generates the highest frequency at the peak of the line voltage. Therefore, the output current peak is expected to decrease. This kind of technique is suffering from many components counts in power stage and the implementation of the complex controller circuit.
Ripple cancellation technique can maintain the lowest LED current peak. However, the main disadvantage is using an extra converter to absorb the low frequency ripple current and using extra capacitor as shown in Figure 2 . Therefore, it increases the component counts and circuit complexity.
Passive LED driver is considered one of the E-cap less topologies. In [23, 24] , four different passive LED driver topologies were proposed. The first type used valley-fill circuit to keep a high PF. It used a high inductance value of 1.47 H at the input, another bulky inductor value of 1.9 H at the output stage and two output capacitors in the valley fill circuit with a value of 20 µ F polypropylene capacitors. The second type was done by making a modification in the valley-fill circuit. It has the same structure of the first type, in addition to the two output polypropylene capacitors in the valleyfill circuit with a value of 20 µ F. The third type was proposed without using the valley-fill circuit. This circuit was considered the most cost-effective one among all passive LED driver types as it used R sens DC-DC Converter Rectifier Bridge Thus, many of these methods are using double stage with more than two semiconductors switches. Cost-wise is still not considered in this technique by using many components counts and using complex control circuits as well.
Passive LED driver is considered one of the E-cap less topologies. In [23, 24] , four different passive LED driver topologies were proposed. The first type used valley-fill circuit to keep a high PF. It used a high inductance value of 1.47 H at the input, another bulky inductor value of 1.9 H at the output stage and two output capacitors in the valley fill circuit with a value of 20 µF polypropylene capacitors. The second type was done by making a modification in the valley-fill circuit. It has the same structure of the first type, in addition to the two output polypropylene capacitors in the valley-fill circuit with Energies 2018, 11, 3030 4 of 18 a value of 20 µF. The third type was proposed without using the valley-fill circuit. This circuit was considered the most cost-effective one among all passive LED driver types as it used less component counts than the previous two types. The fourth type used a bulky inductor for the input stage with the same value of the first type. Also, it used a coupled inductor and one capacitor to filter the output current ripples.
Passive LED drive is only considered a cost-effective solution in a high-power application where size and cost of this passive elements are not considerable. Wherein, the usage of the bulky inductor instead of the bulky electrolytic capacitor increases the LED driver footprint.
In conclusion, prior researches have the following limitations:
• Using additional control loop circuit to inject harmonics increases the component count. Consequently, the LED lamp cost will increase, limiting its penetration to the market, especially in the case of single-stage solution.
•
The best practical result is a PTAR of 1.43 in nominal conditions which is still a high value.
• Using an inaccurate model of the LED chip (i.e., replacing it by a simple resistor), leads to a deviation between the practical results and mathematical ones.
This paper introduces a step forward to modify the harmonic injection techniques to be simpler and more economic through using just one feedback loop, that can achieve the target PTAR and PF by means of using an accurate model for LED chip.
Modelling of E-Cap-Less Converter for LED Applications
AC-DC buck converter operating in DCM without electrolytic capacitor is the simplest topology for implementing an AC-DC LED driver because high PF can be achieved with the converter operating as a resistor emulator. Figure 3 shows the LED driver circuit of the converter under study. The LED is modeled as a series branch of three components: a small dynamic resistor r e , a DC source representing the knee voltage V knee and an ideal diode. Although this is the standard model of a diode, it has not been normally used in AC-DC LED driver design in favor of just the typical and simple equivalent resistance. As will be shown, more accurate results will be obtained in the implementation of the harmonic injection technique for reducing the PTAR if the complex model is considered. less component counts than the previous two types. The fourth type used a bulky inductor for the input stage with the same value of the first type. Also, it used a coupled inductor and one capacitor to filter the output current ripples. Passive LED drive is only considered a cost-effective solution in a high-power application where size and cost of this passive elements are not considerable. Wherein, the usage of the bulky inductor instead of the bulky electrolytic capacitor increases the LED driver footprint.
 Using additional control loop circuit to inject harmonics increases the component count. Consequently, the LED lamp cost will increase, limiting its penetration to the market, especially in the case of single-stage solution.

The best practical result is a PTAR of 1.43 in nominal conditions which is still a high value.  Using an inaccurate model of the LED chip (i.e., replacing it by a simple resistor), leads to a deviation between the practical results and mathematical ones.
Modelling of E-Cap-Less Converter for LED Applications
AC-DC buck converter operating in DCM without electrolytic capacitor is the simplest topology for implementing an AC-DC LED driver because high PF can be achieved with the converter operating as a resistor emulator. Figure 3 shows the LED driver circuit of the converter under study. The LED is modeled as a series branch of three components: a small dynamic resistor , a DC source representing the knee voltage and an ideal diode. Although this is the standard model of a diode, it has not been normally used in AC-DC LED driver design in favor of just the typical and simple equivalent resistance. As will be shown, more accurate results will be obtained in the implementation of the harmonic injection technique for reducing the PTAR if the complex model is considered. To simplify the analysis of the converter operation, elements such as diode D1, MOSFET (switch Q1), capacitor Co, and inductor L are considered ideal. The buck converter operates with an input voltage equal to a rectified line voltage (whose pulsation is 2ω ). The input current follows the input voltage as long as the input voltage is higher than the output one, defined by the required LED forward voltage ( ). Figure 4a shows the rectified input voltage, inductor current and output current which starts increasing at and reaches zero again at . Their values can be expressed as follows:
Rectifier Bridge To simplify the analysis of the converter operation, elements such as diode D 1 , MOSFET (switch Q 1 ), capacitor C o , and inductor L are considered ideal. The buck converter operates with an input voltage equal to a rectified line voltage (whose pulsation is 2ω L ). The input current follows the input voltage as long as the input voltage is higher than the output one, defined by the required LED forward voltage (V f ). Figure 4a shows the rectified input voltage, inductor current and output current which starts increasing at T c and reaches zero again at T e . Their values can be expressed as follows:
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where V inp is the peak value of the input voltage, V o is the output voltage (LED voltage), M is the conversion ratio of the converter and T L is the period of the input voltage. It should be mentioned that the output voltage is assumed to be constant to simplify the calculation.
where = 2 and is the equivalent load seen by the converter.
By replacing by in (12) to obtain the boundary between the DCM and CCM, so the duty cycle equals 1 − .
Combing period 1 and 2, using (11) and (12), the duty cycle is derived over the full range as: 
Modeling of Proposed E-Cap Less Converter under Harmonic Injection
Harmonic injection will be used to limit the PTAR of the output current. Equation (13) gives the duty cycle of the LED system under study. It is clear that the duty cycle is a function of the instantaneous output LED current and the input rectified voltage. If the output LED current is considered a dc value, the duty cycle shape will be as sketched in Figure 4b with orange line. This results in a PTAR of 2 for pure restive loads and even higher for real LEDs. Injecting harmonics into the current will imply modifying the duty cycle shape as shechted in Figure 4b with black line. In this section, a detailed study for the required harmonic injection components to limit the PTAR while keeping the target PF will be presented. 
Period 1: (T c ≤ t ≤ T e )
For period 1, the rectified voltage can be expressed as:
By referring to Figure 3 , the inductor voltage during the on state of Q 1 can be expressed as:
The instantaneous peak inductor current, as shown in Figure 4a , is equal to ∆i L as the converter operates at DCM, and can be expressed as:
where d(t) is constant in each switching period, and F s is the switching frequency.
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Also, the maximum peak inductor current over the line cycle can be calculated at the peak line input voltage V inp as:
where D m is the maximum duty cycle. The instantaneous input current, averaged over each switching period, can be expressed as:
where i inrect (t) is the instantaneous rectified current averaged over the switching period. By ignoring the converter losses, the instantaneous input and output power are equal (over a switching period):
where p o (t) is the output power and p in (t) is the input power. By referring to (7) and substituting it into (9) the expression for the output current can be expressed as:
From (10), the instantaneous duty can be expressed as:
Referring to (11), the duty cycle in DCM depends on the power stage inductance L, switching frequency F s , output current i o (t), the input voltage v inrect (t) and the output voltage V o .
Period 2:
(0 ≤ t < T c and T e < t ≤ T L /2) As explained in the section above, Equation (11) represents the derived control duty cycle for the system under study during the main conduction period (T c ≤ t ≤ T e ). Here the duty cycle equation for the remaining part of the period will be derived.
The converter operates in DCM, where the conversion ratio M can be given as:
where k = 2L RT s and R is the equivalent load seen by the converter. By replacing M by d in (12) to obtain the boundary between the DCM and CCM, so the duty cycle equals 1 − K.
Combing period 1 and 2, using (11) and (12), the duty cycle is derived over the full range as:
Energies
Modeling of Proposed E-Cap Less Converter under Harmonic Injection
Harmonic injection will be used to limit the PTAR of the output current. Equation (13) gives the duty cycle of the LED system under study. It is clear that the duty cycle is a function of the instantaneous output LED current and the input rectified voltage. If the output LED current is considered a dc value, the duty cycle shape will be as sketched in Figure 4b with orange line. This results in a PTAR of 2 for pure restive loads and even higher for real LEDs. Injecting harmonics into the current will imply modifying the duty cycle shape as shechted in Figure 4b with black line. In this section, a detailed study for the required harmonic injection components to limit the PTAR while keeping the target PF will be presented. Figure 4a shows that the LED current during the positive half-line cycle can be expressed as:
LED Output/Input Currents' Harmonics Relations
where I o0 is the DC component, I o(2n) is the peak value of the harmonic component with order n. It is worth to note that if n = 1, this refers to conventional system without harmonic injection.
is a function of the conversion ratio M, resulting from the integration over the period T c ≤ t ≤ T e , where T c is a function of M as derived in (1). Therefore, from (3), (7), (9) and (14) the input current can be derived as:
Using a trigonometric expansion and Chebyshev polynomials to simplify the input current equation [25] :
The Fourier series expansion of the input current is a sum of sinusoidal waveforms with different amplitudes and different frequencies:
where I i(2n−1) is the peak value for the nth order harmonic component. By comparing (16) and (17), the relation between the input and output currents harmonics can be obtained:
Designed Operating Regions under Target PF and PTAR
From (14), there are multiple combinations of harmonics that can be injected to limit the PTAR while keeping the same PF and the same LED average current (I o0 ). Therefore, a MATLAB script to sweep all possible combinations for the output current harmonics can be used. The target are those harmonic combinations that lead to minimum PTAR while keeping a PF greater than 0.9. PF consists of two factors, distortion and displacement. In this case, the displacement factor is considered unity due to the converter operation in DCM. The distortion factor is then the significant one [26] :
Substituting (18) into (19) to determine PF expression as a function of the LED current harmonics:
The PTAR can be derived from (14) by normalizing the LED current with the DC component. Therefore, the PTAR value will be the peak value of the periodic signal, which can be expressed as:
Regarding the MATLAB script, there are a many harmonics values which can be combined to implement the LED current considering the boundaries given in Equations (20) and (21), which determine the relation between the PTAR, the PF and the conversion ratio M. Therefore, the MATLAB script increases the amplitude of each harmonic component (I 2 , I 4 , I 6 , etc.) and calculates the PTAR and the PF in each case. Valid combinations are those that satisfy the constraint of 0.9 as minimum PF value. Among them, the optimum one will be that with the lowest value of PTAR. Five cases are presented here. Case I is a double the frequency (2ω L ). Case II is a combination of harmonics from the second (2ω L ) to the fourth order (4ω L ). Case III is a combination of harmonics from the second (2ω L ) to the sixth order (6ω L ). Case IV is a combination of harmonics from the second (2ω L ) to the eighth order (8ω L ). Finally, Case V is a combination from the second (2ω L ) to the tenth order (10ω L ).
The proposed analysis follows the flow chart presented in Figure 5 . Adding more harmonics decreases the PTAR but also the PF. It is worth mentioning that the cases with higher harmonic orders (above tenth order) have been tested, but they are not considered here as they have a significant impact on PTAR but have a low PF (lower than 0.9) for any harmonic combination.
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Proposed Control Circuit and Simple Implementation
Taking the benefits described in the previous section, the control loop that reshapes the required LED current will be derived in this section using a straightforward control block. The harmonic combinations obtained from the MATLAB script for the output LED current. The duty cycle can be expressed as a Fourier series expansion using the curve fitting as:
The duty cycle defined in (23) can be obtained by means of the proposed feedforward loop, which allows the chosen harmonic components to pass through. This reshapes the input and output currents as desired. Figure 7 shows the proposed closed-loop control for the LED driver. As can be seen, only a single feedback loop is implemented. The loop compensator, taking advantage of the previously explained harmonic injections optimization, should adjust the duty cycle according to the harmonics obtained from the MATLAB script. 
The duty cycle defined in (23) can be obtained by means of the proposed feedforward loop, which allows the chosen harmonic components to pass through. This reshapes the input and output currents as desired. Figure 7 shows the proposed closed-loop control for the LED driver. As can be seen, only a single feedback loop is implemented. The loop compensator, taking advantage of the previously explained harmonic injections optimization, should adjust the duty cycle according to the harmonics obtained from the MATLAB script.
The duty cycle defined in (23) can be obtained by means of the proposed feedforward loop, which allows the chosen harmonic components to pass through. This reshapes the input and output currents as desired. Figure 7 shows the proposed closed-loop control for the LED driver. As can be seen, only a single feedback loop is implemented. The loop compensator, taking advantage of the previously explained harmonic injections optimization, should adjust the duty cycle according to the harmonics obtained from the MATLAB script. Figure 7 . Closed system block configuration of DCM converter.
The loop compensator gain can be computed by dividing each order value of duty cycle harmonics, (24) by the output LED current harmonics, (14) . The gain plot of the compensator output can be expressed in logarithmic scale as:
The results obtained with (25) states that this proposed reshaping block (compensation) is based on the division of the duty cycle by the output LED current harmonics.
Case Study
To validate the derived mathematical model and the proposed control, a case study will be analyzed in this section. The system parameters will be as follows:
Series inductor with LED L LED = 100 µH.
It should be noted that the extra series inductor with LED is used to act as a low pass filter to attenuate the switching frequency harmonics and preventing it to flow through the LED chips.
Determination of the Targeted Injected Harmonics' Order Values
Firstly, using (23), the PTAR is determined for the selected conversion ratio M (in this case M = 0.27) For V in = 220VAC ± 10% (198 V, 220 V, 244 V) and 60 V output voltage, the PTAR is found to be 1.44, 1.41, and 1.38, respectively. It is important to highlight the advantage of this model where the designer can decide from the beginning of the design process if this resulting PTAR is acceptable or not and if another acceptable conversion ratio M has to be chosen. Secondly, the MATLAB script is used to calculate the values of the required harmonics to be injected in the output current so that the predefined PTAR is obtained and the PF regulations are observed. Figure 8 shows the output LED current for different harmonic combination cases, as explained in the previous section. It can be shown that the peak value of the output current decreases gradually as the injected harmonic orders increases, while having the same LED current average. Figure 9 shows the input current under the same conditions. Table 1 illustrates the PTAR and the PF for each case. It is clear that Case V (with harmonics up to the tenth order) is the best one as the lowest PTAR is obtained for nominal input voltage (220 V). 
Design Control Values for Single Multifunction Block (SMFB)
Once the LED current harmonics are obtained from MATLAB script, their values can be substituted in (14) in order to have the output LED current with its injected harmonic. Then, this output LED current is substituted into the duty cycle Equation (13) . The resulting duty cycle is drawn and then the curve fitted as shown in Figure 10 . Through this curve fitting, the Fourier components of the duty cycle waveform are obtained. Using (24), the results for the obtained gain, from the division of the duty cycle harmonics to the output LED harmonics, is plotted and fitted in Figure 11a .
Once the LED current harmonics are obtained from MATLAB script, their values can be substituted in (14) in order to have the output LED current with its injected harmonic. Then, this output LED current is substituted into the duty cycle Equation (13) . The resulting duty cycle is drawn and then the curve fitted as shown in Figure 10 . Through this curve fitting, the Fourier components of the duty cycle waveform are obtained. Using (24), the results for the obtained gain, from the division of the duty cycle harmonics to the output LED harmonics, is plotted and fitted in Figure 11a . It is possible to study the required features for this reshape SMFB with the results shown in Figure 11a . The required gain for the loop compensator is almost flat during the frequency range of 100 Hz-500 Hz, which is the frequency range for harmonic injection. As this analysis is concerned with the frequency range of the harmonic injection, it does not discuss the frequency range above this 500 Hz. However, this can follow regular design rules (i.e., having a low-pass filter with bandwidth in the range of one tenth of the switching frequency). A simple implementation for this proposed SMFB can be an integrator and a pole before the double line frequency, in addition to an extra pole below one tenth of the switching frequency to filter undesired harmonics component. One critical point is that the required phase should be zero within the 100 Hz-500 Hz range to keep the line current and line voltage in phase (displacement PF requirement). It is possible to study the required features for this reshape SMFB with the results shown in Figure 11a . The required gain for the loop compensator is almost flat during the frequency range of 100 Hz-500 Hz, which is the frequency range for harmonic injection. As this analysis is concerned with the frequency range of the harmonic injection, it does not discuss the frequency range above this 500 Hz. However, this can follow regular design rules (i.e., having a low-pass filter with bandwidth in the range of one tenth of the switching frequency). A simple implementation for this proposed SMFB can be an integrator and a pole before the double line frequency, in addition to an extra pole below one tenth of the switching frequency to filter undesired harmonics component. One critical point is that the required phase should be zero To summarize, the compensator parameters for this system can be summarized as:
1.
Integrator for regulation purpose. 2.
One zero at a frequency lower than one tenth of twice the line frequency to flat the gain and keep the phase angle to zero. 3.
One pole between the last injected harmonic (>500 Hz, in this case) and one tenth of the switching frequency to filter undesired high frequency harmonics.
The transfer function of the described system can be presented as: Figure 11b shows the described system bode plot with the integrator, one zero at one hertz, and one pole at 4 kHz. One advantage of the proposed system is that it has a higher bandwidth, which introduces better dynamics than conventional systems with usually 10 Hz bandwidth.
The SMFB functions are summarized in Figure 12 regulation for the LED average current, duty cycle reshaping, harmonics injection and output current reshaping. To summarize, the compensator parameters for this system can be summarized as:
1. Integrator for regulation purpose. 2. One zero at a frequency lower than one tenth of twice the line frequency to flat the gain and keep the phase angle to zero. 3. One pole between the last injected harmonic (>500 Hz, in this case) and one tenth of the switching frequency to filter undesired high frequency harmonics.
The transfer function of the described system can be presented as:
(1 + ) Figure 11b shows the described system bode plot with the integrator, one zero at one hertz, and one pole at 4 kHz. One advantage of the proposed system is that it has a higher bandwidth, which introduces better dynamics than conventional systems with usually 10 Hz bandwidth.
The SMFB functions are summarized in Figure 12 regulation for the LED average current, duty cycle reshaping, harmonics injection and output current reshaping. 
Simulation & Experimental Results
To validate the proposed idea, simulation and experimentation are carried out. Figure 13a describes the circuit diagram used in both simulation and practice. It consists of the EMI filter, the rectifier bridge, and the buck converter. The buck converter switch is AOT22N50 500 V, 22 A NChannel MOSFET and the diode is ES1J which is 1 A, 200 V Surface Mount Super-Fast Rectifier. The converter has a small output film capacitor to increase the lifetime of the LED driver. Small series resistor Surface Mount = 0.5 Ω 1% 0.5 W is inserted to sense the output current for the control circuit.
The compensator is a Type II, as shown in Figure 13b Due to the simplicity of the control circuit, a generic PWM controller can be used, the UC3825a IC from Texas Instrument with a few surface mount technology (SMT) components. The compensator capacitors and resistors can be calculated using (25) . Table 2 
To validate the proposed idea, simulation and experimentation are carried out. Figure 13a describes the circuit diagram used in both simulation and practice. It consists of the EMI filter, the rectifier bridge, and the buck converter. The buck converter switch is AOT22N50 500 V, 22 A N-Channel MOSFET and the diode is ES1J which is 1 A, 200 V Surface Mount Super-Fast Rectifier. The converter has a small output film capacitor to increase the lifetime of the LED driver. Small series resistor Surface Mount R sems = 0.5 Ω 1% 0.5 W is inserted to sense the output current for the control circuit.
The compensator is a Type II, as shown in Figure 13b Due to the simplicity of the control circuit, a generic PWM controller can be used, the UC3825a IC from Texas Instrument with a few surface mount technology (SMT) components. The compensator capacitors and resistors can be calculated using (25) . Table 2 shows the compensator values. As discussed in introduction about the finding in [10] , the circuit aimed to inject 3rd and 5th harmonics into the input current to eliminate the E-Cap. This was proposed using complex control technique which increase the component counts and leads to increase the LED driver technology as shown in Table 3 in compare to the proposed single-feedback loop in this paper. In addition, the mathematical model in [2] showed that the PTAR is 1.34, however the experimental results have a mismatch where a PTAR of 1.43 is reported. On the other hand, the proposed mathematical model in this paper has a good correlation with experimental results as shown in Figure 15 . This graph shows different values for the PTAR and conversion ratio M under simulation, experimental and mathematical model. As discussed in introduction about the finding in [10] , the circuit aimed to inject 3rd and 5th harmonics into the input current to eliminate the E-Cap. This was proposed using complex control technique which increase the component counts and leads to increase the LED driver technology as shown in Table 3 in compare to the proposed single-feedback loop in this paper. In addition, the mathematical model in [2] showed that the PTAR is 1.34, however the experimental results have a mismatch where a PTAR of 1.43 is reported. On the other hand, the proposed mathematical model in this paper has a good correlation with experimental results as shown in Figure 15 . This graph shows different values for the PTAR and conversion ratio M under simulation, experimental and mathematical model. An AC-DC power converter should be complied with EN 61000-3-2 standard. This standard for limiting the harmonics current level of the electronics equipment which is injected by different loads back to the grid. Figure 16 shows a comparison between the input current values for the proposed circuit and the maximum values for EN 61000-3-2 Class D standard. This class should be complied for the lighting equipment with an input power smaller or equal than 25 W. The figure verifies that the proposed circuit is compliance with EN 61000-3-2 standard [27] . An AC-DC power converter should be complied with EN 61000-3-2 standard. This standard for limiting the harmonics current level of the electronics equipment which is injected by different loads back to the grid. Figure 16 shows a comparison between the input current values for the proposed circuit and the maximum values for EN 61000-3-2 Class D standard. This class should be complied for the lighting equipment with an input power smaller or equal than 25 W. The figure verifies that the proposed circuit is compliance with EN 61000-3-2 standard [27] . The proposed solution has the features of single feedback loop with low component counts for E-cap less LED solution under limited PTAR, by its turn lower cost solution. Within test, there was no record for visible flicker. However, flicker issue requires more investigation due to the increase in the LED current modulation percentage [28] .
Conclusions
This paper has proposed the use of the complete LED model instead of the simple equivalent resistance. Its relevance and influence on the design, on the PF and on the PTAR are explored. The proposed model is derived under harmonic injection technique and it determines the required harmonic to limit the LED current PTAR and keep the input PF higher than 0.9. Based on the derived model, a reshape control block is proposed and implemented using a second-order compensator with a single feedback loop. This circuitry can be applied to different converters topologies such as Flyback converter. Results show a good agreement between simulation and experimentation. Results conclude that there is a specified range for the conversion ratio so the target PTAR can be achieved with while complying with ENERGY STAR and EN 61000-3-2 Class D standard.
